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sequences with k-mers that are present in both query and subject sequences. The procedure then applies a statistical method to establish a similarity ranking for these sequences [5] .
Generally, alignment-free techniques are divided in two classes: a) methods based on words (sequences) with fixed sizes, followed by the use of statistical analysis including procedures based on defined metrics such as Euclidean distance and entropy of frequency distributions; and b) methods where words of fixed sizes are not required for statistical analysis, using data compression and/or Kolmogorov complexity scale independent representations by iterated maps. Reviews of these techniques are available at [3, 5, 6] .
Several alignment-free techniques have been proposed with different degrees of success. The very first proposal of an alignment-free method for biological sequence comparison showed to be superior to alignment based algorithms in some aspects such as the ability to compare low similarity sequences [7] . Since then, it has been applied in phylogenetic reconstruction [8] [9] [10] [11] , identification of homologous proteins [4] , genome annotation [12] , classification of metagenomic sequences [13] , and identification of regulatory sequences [14] . Also, it has been shown as an efficient technique for sequence filtering [15] .
Alignment-free approaches have been used to replace alignment based approaches for searching and comparing sequences against large databases showing significant increase in speed. PAUDA [16] is an alternative to BLASTx for searching sequencing reads against protein databases in metagenomics. PVC (Periodicity Count Value) is a method for finding homologous nucleotide sequences as alternative for BLASTn [17] . USEARCH [18] is an alternative to BLASTp that applies a k-mer approach to perform searches of protein sequences against a protein database.
In this paper we propose a fast and efficient alignment-free method named RAFTS3. The method is based on amino acid co-occurrence matrices and on a new heuristic approach for filtering sequences. The results show that RAFTS3 is much faster than BLASTp with negligible loss of sensitivity when applied against large 5/32 databases in all tests performed and can be successfully used in several biological data-mining tasks.
IMPLEMENTATION
Since RAFTS3 deals with protein sequence comparison against protein databases, the first step to be considered is to set up the protein database into a specific RAFTS3 format. The formatting consists of two steps to be applied to each protein sequence within a FASTA file: a) the sequences must be indexed by a hash function and b) a binary amino acid co-occurrence matrix (BCOM) has to be assigned to each sequence to represent its contents.
When a formatted database is available, query searches can be performed.
This process is also divided in two distinct steps: (1) the filtering of candidates, that selects sequences whose indexed k-mers are shared with the query sequence, and (2) the comparison of these candidates, that is done by means of the BCOM.
Database formatting process
The formatting process takes a FASTA database as input and creates a file comprising a hash table and the BCOM matrices for all sequences in the database.
Aiming to improve access to the sequences, RAFTS3 also creates an index to allow direct access to each sequence in the FASTA file (Figure 1 .A).
For each sequence in the database a set of k-mers is randomly selected and submitted to a hash function. The indexes are then stored into a hash table for fast selection of candidate for comparison. These indexes will permit further retrieval of any sequence in the database sharing a given k-mer. As default, 10 k-mers with lengths of 6 amino acid residues are selected per sequence.
The formatting process also involves a BCOM assignment to each sequence.
The BCOM was designed to represent the sequences using few bytes of memory. Both the hash table and the BCOM matrices are stored in a common structure that is loaded 6/32 in RAM with the application aiming to minimize disk access when comparing sequences. The hash function and the BCOM structure will be detailed further.
Query sequence search
Searching is the goal step in RAFTS3. Its purpose is to retrieve similar sequences to a sequence of interest from a database. Also, it is desirable that the recovered sequences are ranked by their similarity with the query sequence.
Searching involves two main steps: filtering and comparison.
In the filtering process, the search scope is reduced by selecting, through a hash table, only sequences containing common k-mers related to the query sequence.
To perform a search based on a sequence of a given length , hash indexes for all possible k-mers with length k are calculated by taking a sliding window that runs through the sequence from position 1 to 1 nk . The indexes generated for each kmer are used to select the candidate sequences by consulting the hash table ( Figure   1 .B).
The comparison is performed with the candidate sequences based on their BCOM. The details of the comparison method will be discussed later (see Binary cooccurrence matrix (BCOM)). Alignments of the best results can also be done to confirm the results or to assign them to a well-established metric. 
Hash function for candidate sequence selection
The hash function of RAFTS3 is an essential step in the filtering process and it is applied to both database and query. was used to assign a real number to a protein k-mer. INREC is a technique of dimensionality reduction and pattern recognition that uses a recursive process of a mathematical function to encapsulate, in a single number, the information that describes a pattern. Thereby, the indexes generated by similar sequences are equal or close to each other. The numbers generated by the INREC function are transformed in hash indexes H through the expression (2) .
Where largenumber is a value to express the decimal fraction of the INREC index as an integer number, and dbsize defines size and spreading of the hash table.
By using the hash table, sequences sharing the same INREC indexes are rapidly selected as candidate for comparison.
To apply the INREC algorithm, amino acid residues need to be converted to a quaternary numeral system triplet by a two-way conversion table (Table 1) 
Therefore, for the sequence MAF , the INREC index I is 0.97 .
Binary co-occurrence matrix (BCOM)
The binary co-occurrence matrix BCOM is a bi-dimensional fingerprint of an amino acid sequence. It not only represents an amino acid sequence but is a pattern for comparison with other sequences.
A BCOM is a binary matrix where each cell position   , xy represents the occurrence of an amino acid pair XY in a sequence S . If the value within the cell is set to null, the pair does not occur in S (Figure 2 ). Thus for each sequence a 20x20 binary matrix is generated representing the occurrence of all possible amino acid pairs within it. Thereby, any sequence can be represented by a matrix with 400 bits or 50 bytes. The small data volume and the uniform structure of the BCOM allows databases 9/32 with millions of sequences to be represented and stored in RAM. The entire NR database can be handled in a common laptop. 
RESULTS AND DISCUSSION

Parameters selection analysis
To determine the default parameters to be used by RAFTS3 for the candidate selection step, sets of 1 to 20 k-mers with 4, 5, 6 or 7 amino acid residues were evaluated using the NR database. A subset of 1000 protein sequences randomly selected from NR was used as query. Two criteria were considered to define the RAFTS3 configuration settings: the running time to search 1000 queries ( Figure 3 .A);
and the number of queries with second best hit with relative score higher than 0.3 ( Figure 3 .B). The best hit was disregarded since that always corresponds to the query sequence.
The purpose of this procedure was to find the number and size of k-mers to be adopted as default parameters to carry out searches with RAFTS3. This analysis showed that the running times were lower using k-mer sizes of 6 and 7 residues and the number of hits with relative score higher than 0.3 reached a plateau with sets of 10 k-mers per sequence. Thereby, the following parameters were chosen as default: 10 k-mers of 6 amino acid residues per sequence.
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Comparison of RAFTS3 with BLASTp
The sensitivity and running time of the RAFTS3 was compared with BLASTp using 1000 sequences randomly selected from a newer version of NR. These sequences were absent in the database used for search tests and represent sequences from more than 650 different organisms. This comparison simulates an automated annotation task, thus BLASTp and RAFTS3 were configured only to report the best hit for comparison. The sensitivity was evaluated as the number of similar sequences retrieved and the processing time spent in the search by both tools. The number of sequences retrieved by BLASTp was considered as the gold standard, representing 100% of the results.
RAFTS3 showed results from 77% to 95% of sensitivity compared with BLASTp when searching UniRef50 database, from 86% to 95% when searching the Pfam database and from 89% to 97% when searching the NR database, depending on the threshold of the score (Table 2 ). RAFTS3 showed to be more than 300 times faster than BLASTp when searching in the larger database.
To illustrate the differences between the RAFTS3 and BLASTp hits, three showed that, despite some differences, RAFTS3 performed similarly to BLASTp (Table   3 , 4 and 5).
To compare the ranking order of sequences given by BLASTp and RAFTS3, 1000 sequences were randomly selected from the dataset to be used as query against the NR database. The position of RAFTS3 best hits were scored among BLASTp top 50 hits and vice-versa. The results showed that 72% of the RAFTS3 best hits occurred within the first 10 BLASTp top results (Supplementary material Table S1 ), suggesting 12/32 that sequences retrieved by RAFTS3 are in most the same or very closely related to that retrieved by BLASTp. To better illustrate the ranking differences between BLASTp and RAFTS3 the top 50 hits identified by RAFTS3 and BLASTp using 5 different proteins randomly selected from the test set as query to search against the NR database are shown in supplementary material Table S2 . In all cases, BLASTp best hit was among the 10 best hits of RAFTS3. Interestingly, for steroidogenic factor 1 isoform X2 RAFTS3 top hit had a higher relative score that of BLASTp (Table S2) .
Comparison of RAFTS3 with USEARCH
USEARCH provides freely only a version with limited use of resources, the complete version of requires a paid license. Thereby, we chose to use the small COG
[26] database to compare RAFTS3 and USEARCH performances. In this test, USEARCH was faster and more accurate than RAFTS3. However, due to the limitations of the free version, it was not possible to evaluate USEARCH performance searching large databases. It is possible to anticipate that memory consumption of USEARCH will be more than 40Gb for the NR database, while RAFTS3 uses 20 times less. Also RAFTS3 runtime is not much affected by the database size and the sensitivity tends to increase. These considerations indicate that the use of RAFTS3 may be advantageous over USEARCH when searching large databases.
Comparison of RAFTS3 with PAUDA
To compare RAFTS3 with PAUDA an executable was developed to translate DNA sequences in all 6 frames to search on a protein database. We called it RAFST3x
(in analogy to BLASTx). The tests were performed comparing 1000 sequences randomly selected from the NT database (lengths from 50 to 3000 pb) against the UniRef50 database. RAFTS3x was 7% faster than PAUDA and more sensitive, yielding twice as many hits above the threshold relative score (Table 6 ).
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Alignment information
The performance advantage of RAFTS3 relies on the comparison of sequences without the need of alignment. The measure used is based on the BCOM's comparison that have some relationship with an alignment score. It's possible to perform local alignments on the hits reported by RAFTS3 using the Smith-Waterman algorithm, however this adds an additional cost on time. The runtime for RAFTS3 configurations using from 0 to 100 alignments to search the 1000 sequences against the NR database varied from 40 seconds to 17 minutes.
Thus this option must be used wisely.
CONCLUSIONS
RAFTS3 uses an aggressive filter approach with a fast comparison method based on BCOMs. Due to the limitation of the free version of USEARCH, comparisons for searches against large databases could not be performed. The comparison of RAFTS3 with BLASTp showed that RAFTS3 could be used to achieve fast protein similarity searches with a small loss of sensitivity. The sensitivity compared to BLASTp increases with the sequence similarity. RAFTS3 also shows a minimal loss on performance when challenged with larger databases in comparison with BLASTp, as judged by the increase in time to search on UniRef50 compared to NR (almost 3 times as large), the running time for RAFTS3 increased twice while BLASTp increased thrice.
Thus RAFTS3 could be especially advantageous when using large databases with many sequences being queried. As the database increases, the filtering options can be made more stringent avoiding the increase of the number of candidate sequences selected and, consequently, of memory usage.
We have demonstrated that the RAFTS3 can perform high-speed protein search comparisons locally using a desktop computer or laptop. RAFTS3 is being used in tasks as genome annotation by our Bioinformatics group at the Federal University of Parana with success and presents a good solution for protein sequence data mining. The total number of sequences and amino acids included in each database are shown in the "Total sequences" and "Total aa" columns, respectively. The ratio RAFTS3/BLASTp gives the fraction of RAFTS3 hits over BLASTp hits for the indicated relative score thresholds.
22/32 The number of best hits of each tool is located in the top 50 hits of the other. 1000 sequences of the data set were used as queries for searching NR database with BLASTp or RAFTS3, and the number of best hit of each tool was scored for each rank position of the other tool. 
